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Motivation

Ever since the detection of O+ in the magnetosphere by
Shelly et al. (1972) 1t has been known that the 1onosphere
was a source of magnetospheric plasma

Using Cluster observations Kistler et al. (2005) and Kistler
et al. (2010) showed that O™ can become the main
component of the plasma sheet during strong magnetic
storms with the cusp as a likely source region

Shay and Swisdak (2004) found that the rate of
reconnection 1s controlled by the heavy 1on species in
multi-species simulations

The early work of creating magnetospheric general
circulation models (GCM) concentrated on the
electrodynamic coupling between the magnetosphere and
lonosphere

With the advent of the multi-fluid version of the these

GCMs it 1s now possible to consider the effect of

1onospheric H™ and O™ on magnetospheric dynamics
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Electrodynamic Coupling

* GCMs have three key components

— MHD simulation of the
magnetosphere
— MI Coupling Module

— lonosphere-Thermosphere Model

* Electrical functions of the MI
N ' Region 1 coupling module
currents — Addresses part of the ‘gap region’
 Pedersen — Solves the conservation of current
equation
J) 1s determined from
magnetospheric boundary
Computes auroral precipitation
parameters

©The COMET Program — Flux and energy are determined
from MHD density and temperature
\V, .(z + ¥ )V(I) — J <in via empirical relationships
P H I (n) — Uses Knight relationship to relate J
to €
|

Pedersen and Hall conductances also
include the effects of solar EUV radiation
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Mass Coupling

In most GCMs there is a ‘gap
region’ between the 1onosphere-
thermosphere model and
magnetosphere model

Magnetosphere Boundary
Conditions

- LFM uses Hard wall boundary
condition
No mass through inner boundary

‘Gap Region’

V, in reflected and v, from Electrical
B

- For inflow need to specify
Location, location, location
V|, T, and density
Mass flux 1s useful, but I still need to
specify fundamental MHD
Ionosphere Boundary Conditions
- TIE-GCM has a prescribed high
altitude boundary condition
Outflow/Inflow on the dayside/night
Function of magnetic latitude
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Review Paper

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 7??, XXXX, DOI:10.1002/9781118842324.ch22

Review of global simulation studies of the effect of ionospheric

* Review paper
pub li She d in (\)lu:\f?::r:: the magnetosphere-ionosphere system dynamics.

Abstract. Since the detection of O* ions by satellites in the 1970s it has been known
that the ionosphere is an important source of plasma in the Earths magnetotail. More
recent observations have shown that these ions can become a dominant component of

[ ] [ ]

the plasma in the plasmasheet. Early work in substorm research considered a role for

O" in the onset of plasma instabili and their relationship to substorm onset. The-

oretical analysis of reconnection in multi-fluid plasmas has shown that the presence of

a heavy ion slows the reconnection rate raising interesting implications for \hv occur-

rence rate of substorms. Global scale simulations have been used to effectiv model

interaction of the solar wind with the tightly coupled magnetosphere-ionosphere-thermosphere
tem. These moxlv]~ are now }n-;,nu n;_ to xl('\llup nmhuds to include mass U\llﬂu\\\

: ; O la I : ; S ' ‘ I l l first principle mu<1vl>. In the Ullpln(dl [(‘(hmqms the rvlduomk t S E
rameters such as Poynting flux and outflow are used to specify both the location and

intensity of the outflow coming from the cusp and auroral regions. First principle
els of the polar wind typically use a large set of single flux tube simulations to describe
the plasma !]u\\nu., out over the entire polar cap. In both approaches signi )

L4 L4 on the state of the magnetosphere are seen when the ionospheric plasma is include
affects include improved agreement with Dsr observations, changes in the cross polar
ulation results have demonstrated a role for O* in the transition from steady magne-
tospheric convection into the sawtooth intervals containing multiple storage and release
segments.
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Winglee Outflow Method

Magnetopause

Density Geopause

Pressure
Geopause

Pressure
Magnetopause Geopause

(c) Bz=-5nT Dusk Dawn

* QOutflow method based upon centrifugal acceleration

— Jon density at inner boundary held fixed
 H" set to 400 cc with O" set a 5-100% H" density

— Qravitational term increased to 30 m/s
— Fluence 6x102° to 2x102%7 ion/s

 Identified the location of density and pressure
geopauses in the simulation results
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SWMF - Polar Wind Outtlow Model

Initial Grid

* Glocer et al. 2009 developed the
PWOM as a part of the SWMF

— Field-aligned, multi-fluid, multi-field
line model

— Coupled to multispecies-MHD
magnetosphere and 1onosphere
electrodynamics model

On a single field line it builds upon
the work of Gomobsi and Nagy, 1989
to solve for transport of H", O", He™,
o

Multiple independent field lines are
then computed to provide a solution
for outflow across the polar cap

— Delaunay triangulation is used to

interpolate between unstructured grid S
and magnetosphere inner boundary \\Va VAV ¢

Tnangulation

Final Grid

00 WTrnangulatlon
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SWMF Outtlow 11

07:30 UT

Potential

* PWOM Outflow pattern
— Only O has up/down flows at 1500 km altitude
— O" outflows increase in regions of strong upward FAC
— H" only upwards and less dynamic
* Other Outflow
— Specified location — Yu and Ridley, 2013

» Set values in auroral and cusp regions

— Fixed Density BC

 Situation similar to Winglee method and always occurring

4 Apr 16 2016 SHIELDS Workshop




MFLFM — Empirical Outflow

O™ Outflow Algorithm ° Brambles et dl.
2010 presented
results from the
empirical outflow
method

— Based upon
: - correlations
W E e between Poynting
T Apply Outflow BCs ] ﬂUX and OUtﬂOW
S reported by
Vo, =40kmjs , T,, =100eV e Strangeway et al.
o, 2005

Map to 4000 km * Both DC and AC
Empirical Relation S| haVG been used

— Range of velocity
and temperatures

N.=Fo./V
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MFLEM Outflow II

Northern Hemisphere Southern Hemisphere Northern Hemisphere Southern Hemisphere
12

Flux O' 10° #/cm?/s

Fluence 6.2 X 10%° #/s Fluence 4.8 X 10% #/s Fluence 9.4 X 10% #/s Fluence 7.5 X 10% #/s
Aug 31 11:50 UT Aug 31 16:10 UT

* Empirical Outflow pattern
— O" coming mainly from cusp during CME passage
e No significant flows from night-side aurora region
* Clearly poleward of open/closed field line boundary

— No H" or “classical” polar wind in this model

e QOther Outflow

— Specified location — Wiltberger et al. 2010 and Garcia et al. 2010

* Set values in auroral and cusp regions

— Hard Wall Density BC
* No Centrifugal Outflow as seen in the Winglee and SWMF

— JIonosphere Polar Wind Model (IPWM)
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Convection Dynamics

Cross-Polar Cap Potential - Variable O Concentration ° VVinglee et al. 2002 first
reported seeing reduction in
CPCP with outflow included
— Asratio of O"/H" 1s
increased the magnitude of
reduction increases

— Approximately 70 kV
reduction seen in case with
strongest outflow

Speculate that mass loading
1s the main reason for
reduction

— Increase in 1nertia in the

inner magnetosphere
caused by 1ons

— Slower convection speed
results in lower CPCP

—
=
=
]
=
=
[0
—
O
o
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MFLFM CPCP Reductions

OUTFLOW OUTFLOW B

Wiltberger et al. 2010 saw reduction in CPCP for fixed cusp outflow
— 50 kV reduction along with global reduction in R1 FAC observed
— Believes “mass loading” affect is occurring
— Other factors include changes in MI coupling via auroral precipitation model
* Brambles et al. 2010 examined the magnetosphere inflation in more detail
— Found up to 20% increase in stand off distance

— Broader flow diversion region reduces flux to MP and thus lowers the CPCP
* Merkin et al. 2005 and Lopez et al. 2010 have more details about this mechanism
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SWMF CPCP Reductions

Magnetopause and Bowshocks

Dst (nT)

— Baseline - : : :

— RCM * R : ; . | — Baseline
— PWOM : : : : o ReM
— RCM & PWOM ;R : ~— — PWOM

03:00 UT 06:00 UT 09:00 UT 12:00 UT 0 -5 -10 -15 =20
Simulation Time GSM X (Ry)

Welling and Zaharia 2012 examined conditions with SWMF using RCM
and PWOM
e RCM run has ~12 kV reduction and PWOM run has ~49 kV reduction
in CPCP
RCM run has largest inflation of MP with PWOM second
e Authors concluded that inflation is not major cause of reduction

* Speculate that mass loading and reduction of dayside reconnection rate are
important
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MFLFM - Cusp O™ Outflow

e
JI.\
{1

ST 01:56 - ST 01:56

From Wiltberger et al. 2010

* We turn on O+ in cells whose 1onospheric foot points map to a
cusp region on the LFM 1onospheric grid

— QOutflow from this region can lead to the onset of a second substorm in the
simulation 1f the O+ interacts with the reconnection region in the mid-tail

— If the flow i1s too fast or slow a second substorm does not occur
 Case with outflow had velocity of 20 km/s and flux of 10° cm2s!
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MFLFM - Cusp O™ Outflow

e
JI.\
{1

ST 01:56 - ST 01:56

From Wiltberger et al. 2010

* We turn on O+ in cells whose 1onospheric foot points map to a
cusp region on the LFM 1onospheric grid

— QOutflow from this region can lead to the onset of a second substorm in the
simulation 1f the O+ interacts with the reconnection region in the mid-tail

— If the flow i1s too fast or slow a second substorm does not occur
 Case with outflow had velocity of 20 km/s and flux of 10° cm2s!
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Night-side Auroral Outflow

 Garcia et al., 2010
! ) examined the effects
Lo  of outflow from the
il night-side auroral
region use 4 different
outflow cases

— 40 km/s velocity

— 4x107 to 4x10% cm™
s fluxes

Results include

— Increase flux
reduces the cross
polar cap potential

— This outflow also
tends to push the x-

| line further down

L 2 the magnetotail

Avg PS n_/n Avg PSn /n )
9 o’ "'H J O H — Increases the size of
the magnetotail

Tail Width
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SWMEF — Cusp and Auroral Outflow

20 0 -20 -
T =04:00:00 XIR] T=04:00:00 X|[R]

* Yu and Ridley, 2013 used SWMF with specified outflow coming
from cusp and auroral zones

— Conditions similar to Wiltberger et al. 2010 and Garcia et al. 2010
* Velocity of 50 km/s and flux of 1x108 cm2s-!

* Examined impacts on magnetotail

— New plasmoid seen in simulation with cusp outflow
* Agree with Wiltberger et al. 2010 conclusion that landing location important

— Tail length increases with auroral flux intensity
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MFLFM — Sawteeth Studies
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* Brambles et al. 2011 Science paper used empirical model
with 1dealized solar wind conditions

— SMUC state without outflow

— Sawtooth events with O" outflow
* Period depends on outflow intensity and strength of driving
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MFLFM Sawteeth Global Structure

Inclination Angle
Local Time
Inclination Angle

v
E
=
©

V]

o
—

UT, hour UT, hour

* Comparing the global structure in the M|
geosync inclination angle with observations from
Cai and Clauer 2009, shows consistent features
both 1n local time extent and duration
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Properties of Outflow Driven Sawteeth

e (Careful examination
of the sawtooth
sequence shows

— QOutflow functions as
feedback loop
* O+ released during

expansion phase
drives next

substorm

— Nightside
reconnection rate
depends upon
position of merging
line

e Tailward motion
reduces inflow
speed and B and

disrupts balance
with dayside

From QOuellette et al. 2013
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Winglee — O+ Impacts on Substorms

2016 SHIELDS Workshop

Winglee et al. 2009 and
Harnett et al. 2010
examined the role of O
+ 1ons on the substorm
process

Winglee studied
1dealized event

— Found that O+
doesn’t initiate

substorm

O+ larger gyroradius
allows for major role
in injection and ring
current
Harnett studied 26 Feb
2008 THEMIS event

— O+ 1ons arrive 10 min
prior to onset

— Conclude that
substorm is internally
triggered




MFLFM & SWMF — Ring Current
May 1998 Event : . n : : 1 .

_— Simulated Dst (Multi-Fluid MHD, With Outflow)
Simulated Dst (Multi-Species MHD, With Outflow)
_ _ . Simulated Dst (Single-Fluid MHD, No Outflow) .

Pseudo DST (Baseline)
Pseudo DST (Outflow A)
Pseudo DST (Outflow B)

10 1'4 116 1I8 210
UT - May 4, 1998 UT Aug 31 2005

Both the SWMF and and MFLFM see increases in ring current

strength with O+ outflow included
— Glocer et al. 2009 actual sees slight over prediction, but major
improvement with GOES magnetic field measurements

— Brambles et al. 2010 sees best agreement in simulation with strongest
outflow
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PWOM + RAM-SCB

* Welling et al. 2011 used
a version of the SWMF
with both PWOM and
the RAM-SCB ring
current model

Including O+ outflow

— Reduced the convection
electric field

— Lowered PS density and
temperature

Density (em™)

o v o

Temp (KeV')

8

6

4

2

0

35

2

122
O

1z

0

2

1

1

5

— Increased complexity of
1on distribution in PS

Universal Time from 2005-08-31T09:00:00
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Conclusions

All groups start from roughly same set of 1deal multifluid MHD
equations

— Winglee group includes gravity
— SWMF and MFLFM typical set electron pressure to fraction of 1on
pressure

Outflow techniques 1s major source of differences

— Winglee — Centrifugal only

— SWMF - Centrifugal + PWOM or Location

— MFLFM - No Centrifugal + Empirical or Location
All groups report seeing reductions in CPCP

— “Mass loading” major in Winglee suspected in others

— MFLFM role for inflation and altering of MI coupling

— SWMF minor role for inflation and change in reconnection
Magnetotail dynamics

— O" land location impacts multiple substorm dynamics

— MFLFM reports role for O' in sawtooth events

— SWMF and MFLFM both report increase in D with O" outflow

4 Apr 16 2016 SHIELDS Workshop




References I

Brambles, O. J., W. Lotko, P. A. Damiano, B. Zhang, M. Wiltberger, and J. Lyon (2010),
Eftfects of causally driven cusp O+ outflow on the storm time magnetosphere-ionosphere

system using a multifluid global simulation, J. Geophys. Res, 115(A4), doi:
10.1029/2010JA4015469.

Brambles OJ, Lotko W, Zhang B, Wiltberger M, Lyon J, et al. (2011) Magnetosphere
Sawtooth Oscillations Induced by Ionospheric Outflow. Science 332: 1183—1186. doi:10.1126/
science. 1202869

Brambles, OJ, W Lotko, B. Zhang. J. Ouellettee, J. Lyon, and M. Wiltberger (2013) The
Eftects of Outflow on CME and SIR Driven Sawtooth Events, J. Geophys. Res. in
preparation.

Cai, X., and C. R. Clauer (2009), Investigation of the period of sawtooth events, Journal of
Geophysical Research doi:10.1029/2008JA013764.
Garcia KS, Merkin VG, Hughes WJ (2010) Effects of nightside O+ outflow on

magnetospheric dynamics: Results of multifluid MHD modeling, J. Geophys. Res 115. dot:
10.1029/2010JA015730

Glocer, A., G. Toth, Y. Ma, T. Gombosi, J.-C. Zhang, and L. M. Kistler (2009), Multifluid
Block-Adaptive-Tree Solar wind Roe-type Upwind Scheme: Magnetospheric composition and
dynamics during geomagnetic storms—Initial results, J. Geophys. Res., 114(A), 12203, doi:
10.1029/2009J4014418.

Glocer, A., G. Toth, T. Gombosi, and D. Welling (2009), Modeling ionospheric outflows and
their impact on the magnetosphere, initial results, J. Geophys. Res, 114(4), 05216, doi:
10.1029/2009J4014053.

4 Apr 16 2016 SHIELDS Workshop




References I1

Gombosi, T. I., and A. F. Nagy (1989), Time-dependent modeling of field-aligned current-
generated ion transients in the polar wind, Journal of Geophysical Research (ISSN
0148-0227), 94, 359-369, doi:10.1029/J4094i401p00359.

Harnett, E. M., R. M. Winglee, and T. Lerud (2010), Multiscale-multifluid simulations of the

26 February 2008 substorm: Evidence for internal triggering of a substorm, J. Geophys. Res.,
115, A12238, doi:10.1029/2010J4015672.

Kistler, L. M. et al. (2005), Contribution of nonadiabatic ions to the cross-tail current in an O+
dominated thin current sheet, J. Geophys. Res, 110(A4), 06213, doi:10.1029/2004J4010653.

Kistler, L. M., C. G. Mouikis, B. Klecker, and I. Dandouras (2010), Cusp as a source for

oxygen in the plasma sheet during geomagnetic storms, J. Geophys. Res, 115, 03209, doi:
10.1029/2009J4014838.

Ouellette, J. E., O. J. Brambles, and J. G. Lyon (2013), Properties of outflow-driven sawtooth
substorms, J. Geophys. Res., 118, 3223—3232, doi:10.1002/jgra.20309.

Shay, M. A., and M. Swisdak (2004), Three-Species Collisionless Reconnection: Effect of O+
on Magnetotail Reconnection, Phys. Rev. Lett., 93, 175001, doi:10.1103/PhysRevLett.
93.175001.

Shelley, E. G., R. G. Johnson, and R. D. Sharp (1972), Satellite Observations of Energetic
Heavy lons during a Geomagnetic Storm, J. Geophys. Res, 77, 6104—6110, doi:10.1029/
JAO077i031p06104.

4 Apr 16 2016 SHIELDS Workshop




References 111

Strangeway, R. J., R. E. Ergun, Y.-J. Su, C. W. Carlson, and R. C. Elphic (2005), Factors
controlling ionospheric outflows as observed at intermediate altitudes, J. Geophys. Res.,
110(A4), 03221, doi:10.1029/2004J4010829.

Welling, D. T., V. K. Jordanova, S. Zaharia, A. Glocer, and G. Toth (2011), The effects of dynamic
ionospheric outflow on the ring current, J. Geophys. Res, 116, A00J19, doi:10.1029/2010J4015642.

Welling, D. T., and S. ~. Zaharia (2012), Ionospheric outflow and cross polar cap potential: What is
the role of magnetospheric inflation? Geophys. Res. Lett., 39(2), 23101, doi:
10.1029/2012GL054228.

Winglee, R. M., D. Chua, M. Brittnacher, G. K. Parks, and G. Lu (2002), Global impact of

ionospheric outflows on the dynamics of the magnetosphere and cross-polar cap potential, J.
Geophys. Res., 107(A4), 1237, doi:10.1029/2001J4000214.

Winglee, R. M., E. Harnett, and A. Kidder (2009), Relative timing of substorm processes as derived
from multifluid/multiscale simulations: Internally driven substorms, J. Geophys. Res., 114, A09213,
doi:10.1029/2008J4013750.

Wiltberger M, Lotko W, Lyon JG, Damiano P, Merkin V (2010) Influence of cusp O+ outflow on
magnetotail dynamics in a multifluid MHD model of the magnetosphere. J. Geophys. Res 115. doi:
10.1029/2010JA015579

Yu, Y., and A. J. Ridley (2013), Exploring the influence of ionospheric O+ outflow on

magnetospheric dynamics: dependence on the source location, J. Geophys. Res., 118(4), 1711-1722,
doi:10.1029/2012J4018411.

2016 SHIELDS Workshop




